ABSTRACT
INTRODUCTION
Alcoholic dependency is considered to be a worldwide public health problem, and a direct causal relationship has been observed between alcohol consumption and more than 60 different types of diseases and injuries, including those in the liver (Miranda-Mendez et al. 2010) . Alcoholic liver disease (ALD) is characterized by a wide spectrum of liver damage, ranging from liver steatosis (fatty liver) to steatohepatitis and liver fibrosis/cirrhosis. It is believed that the obvious cause for ALD is hepatocyte death induced by alcohol itself (Byun and Jeong 2010; CurryMcCoy 2010) . However, the involvement of oxidative injury in ethanol toxicity has emerged from a growing number of reports that showed that alcohol-fed experimental animals, as well as patients with ALD, have increased contents of lipid peroxidation products in the liver and in the blood .
Mechanisms implicated in alcohol-induced liver damage involve many biochemical reactions, with different pathways interacting with each other simultaneously. These mechanisms involve enzymes, reactive oxygen species (ROS), endotoxins, cytokines, immune system cells, and genetic predisposition to liver disease (Lu and Cederbaum 2008; Miranda-Mendez et al. 2010) . The intracellular accumulation of lipids is the most frequent liver lesion in heavy drinkers. The impairment of mitochondrial lipid oxidation has been proposed as one of the mechanisms that is responsible for this fat accumulation (Pessayre and Fromenty 2005; Pessayre and Fromenty 2012) . Oxidative stress associated with alcohol toxicity is mainly caused by ROS generated by the mitochondrial respiratory chain, by the enzyme responsible for the ethanol metabolism (CYP2E1) in hepatocytes, and by the NADPH oxidase of Kupffer cells and liver-infiltrating granulocytes. In addition, the oxidation of ethanol through the alcohol dehydrogenase pathway produces acetaldehyde, which is converted to acetate. Both reactions promote an increase of NADH, which, in excess, results in several metabolic disorders, including the inhibition of fatty acid oxidation and tricarboxylic acid cycle (Tilg et al. 2011) . Therefore, it increases the hepatic fat accumulation. For decades, dietary deficiencies were considered the major factor responsible for the development of liver disease in alcoholics (Korourian et al. 1999) , because ethanol displaces normal nutrients, causing malnutrition (Liber 2004; Comporti et al. 2010) . Moreover, it has been experimentally proved that nutritional deficiencies cause liver damage (Di Pascoli et al. 2004; Rautou et al. 2008; Caballero et al. 2011) . Therefore, it was postulated that the combination of these factors cause ALD (Comporti et al. 2010) . For instance, it has been reported that a low-carbohydrate diet associated with ethanol induced severe hepatotoxicity with intense steatosis (Korourian et al. 1999) . Despite alcoholic fatty liver has long been considered benign, increasing evidence supports the idea that steatosis may contribute to the progression of other hepatic injuries (Powel et al. 2005) . Because the interaction between ethanol and nutrients may contribute significantly to the pathology of an alcoholic liver injury, the aim of this study was to establish and characterize an alcoholic hepatic steatosis (AHS) model induced by ethanol associated with a high-fat diet (HFD). Because specific chows with high fat or low protein contents, both used in combination with ethanol to induce the steatosis model, are expensive, the purpose of this study is to propose a cheaper model of alcoholic steatosis by using sunflower seeds (Helianthus annuus) as the unique source of the HFD. This study focused on the hepatic oxidative stress and the mitochondrial dysfunction induced by the combination of the liquid diet (10% ethanol) and HFD (sunflower seeds).
MATERIAL AND METHODS
Animal care, diets, and sample collection Male Wistar rats (Rattus norvegicus) weighing 200 ± 20 g were used for this study. The experimental study ( Fig. 1) was approved by the Institutional Animal Ethics Committee of the Biological Sciences Sector of the Federal University of Paraná (certificate #584). Briefly, each animal was housed in a single cage with food and water ad libitum (4 weeks) and maintained at room temperature (22 C ± 2 C) on a 12/12 h light/dark cycle. After acclimation for 1 week, the animals were separated into 6 groups (n = 10 each) according to their liquid and solid diets: (1) water and chow diet (WC), (2) water and high-fat diet with only sunflower seeds (WH), (3) water and chow plus sunflower seeds (WCH), (4) ethanol and chow diet (EtC), (5) ethanol and highfat diet with only sunflower seeds (EtH), and (6) ethanol and chow diet plus high-fat diet with sunflower seeds (EtCH). Food (chow and/or sunflower seeds) consumption, liquid intake (water or ethanol), and body weight were monitored 3 times per week during a 1-month period. The consumption of sunflower seeds was calculated using only the weight of the peeled seed, which was 48% of the total weight of the seed.
The nutritional values of the regular chow and the sunflower seeds are shown in the Table 1. After 30 days of consumption of the diet, the animals were anesthetized with ketamine (60 mg kg -1 -Vetnil, Louveira, SP, Brazil) and xylazine (7.5 mg kg -1 -König, Santana de Parnaíba, SP, Brazil) by intraperitoneal injection. Blood from individual rats was collected from the abdominal cava vein to determine the plasma levels of biochemical parameters. The liver was harvested, weighted, and quickly snap-frozen in liquid nitrogen and stored at -80 C for hepatic oxidative stress analysis and quantification of lipids. A portion of the liver was fixed in 10% neutral-buffered formalin for histological analysis. For isolation of liver mitochondria, the animals were euthanized by decapitation.
Hepatic histology
The liver tissue, which was fixed in 10% (v/v) neutral-buffered formalin, was further embedded in paraffin at room temperature. Thin sections (4 mm) from paraffin blocks were processed for histology, and the tissue was stained with hematoxylin-eosin according to the routine technique applied at the Department of Medical Pathology of Federal University of Paraná. Another liver tissue fraction was embedded in Tissue-Tek Optimal Cutting Temperature (O.C.T.) compound (Sakura, Torrance, CA, USA), processed in a cryostat, and stained with Sudan Black, which is specific stain for lipids. All slides were then analyzed by light microscopy (Leica DM 2500, Wetzlar, Germany). 
Measurement of liver lipid content
The lipid content in the tissue was determined by the gravimetric method (Oller do Nascimento and
Williamson 1986). All results were expressed as micrograms of triglyceride per milligram of liver tissue (µg mg -1 liver).
Plasmatic analysis
Plasma was obtained by centrifugation of the total blood and stored at -80 C. Then, cholesterol (CHO) and triglyceride (TG) levels, as well as alanine aminotransferase (ALT) and aspartate aminotransferase (AST) activity, were analyzed using a biochemical-automated system (Labtest Diagnóstica, Lagoa Santa, MG, Brazil) according to the manufacturer's instructions.
Hepatic oxidative stress measurements
Liver tissue was homogenized in phosphatebuffered saline (pH 6.5) using a homogenizer and centrifuged at 10,000 g at 4 C for 20 min. The activities of antioxidant enzymes were determined in the supernatant. The supernatant was used to measure the activity of catalase (Cat) (Aebi 1984) , superoxide dismutase (SOD) (Gao et al. 1998) , and glutathione S-transferase (GST) (Habig et al. 1974) . In addition, the rate of lipid peroxidation (LPO) (Jiang et al. 1991 ) and reduced glutathione (GSH) (Sedlak and Lindsay 1968) were measured. Results were expressed relative to the protein levels in each liver homogenate.
Isolation of rat liver mitochondria
Mitochondria were isolated from the liver by differential centrifugation as described by Voss et al. (1961) by using an extraction medium consisting of 250 mM D-mannitol, 10 mM HEPES (pH 7.2), 1 mM EGTA, and 0.1 g% BSA. All procedures were performed at 4 C, and the mitochondrial suspension was stored in liquid nitrogen until the activity of enzymes linked to the respiratory chain was determined.
Mitochondrial enzymatic activity
Disrupted mitochondria that were obtained by a freeze-thawing treatment were used to determine the activity of the respiratory enzyme chain. NADH and succinate oxidase activities were assayed polarographically (Singer and Gutman 1971) . NADH dehydrogenase (EC 1.6.5.3 NADH:ubiquinone oxidoreductase) and succinate dehydrogenase (EC 1.3.5.1 succinate:ubiquinone oxidoreductase) activities were assayed spectrophotometrically according to Singer (Singer and Gutman 1971) . NADH-cytochrome c reductase (EC 1.6.99.3 NADH:cytochrome c oxidoreductase) and succinate cytochrome c reductase (EC 1.3.99.1 succinate:cytochrome c oxidoreductase) activities were measured by cytochrome c reduction at 550 nm as described by Somlo (1965) . The activity of cytochrome c oxidase (EC 1.9.3.1 ferrocytochrome c:oxygen oxidoreductase) was determined according to Mason et al. (1973) .
Protein determination
Protein concentrations in the liver homogenate for hepatic oxidative stress measurements was determined by the Bradford technique (Bradford 1976) , and those from hepatic mitochondria homogenates were determined by the method described by Lowry et al. (1951) . BSA was used as the standard in both methods.
Statistical analysis
The results were expressed as mean ± standard error of the mean (SEM) and were analyzed by one-way analysis of variance (ANOVA) followed by a post-hoc Tukey-Kramer test. Two-way ANOVA was used to analyze the liquid consumption, food consumption, and body weight gain with the time (week) and the diet as the variables. The GraphPad Prism 5.0 (La Jolla, CA, USA) program was used for statistical analysis, and p < 0.05 was the value for statistical significance.
RESULTS

Diet consumption and body weight gain of rats
The consumption of liquid (water or alcohol) and solid food (regular chow and/or sunflower seeds) of each animal was measured thrice per week, while the body weight was monitored once per week. The consumption of liquid over the 4-week period was the highest in animals that were fed the regular diet with water (WC), followed by the group of animals that were fed ethanol and regular chow (EtC) (Fig. 2 A) . Similarly, a higher intake of solid food occurred in animals treated with the water and regular chow diet (WC), which was statistically different from all of the other groups (Fig. 2 B) . With the observed differences in the amount of solid diet that was consumed, we sought to quantify the gross energy present in the diet of animals using a calorimeter (kcal kg -1 ) that was based on the consumption of each group. We observed that the animals that ingested the ethanol-chow and high-fat diet with sunflower seeds (EtCH) or the ethanol-sunflower seed diet (EtH) proportionately consumed more calories than animals in the other groups (Fig. 2 C) .
However, higher calorie intake from a solid diet did not result in increasing body weight; the EtH and WH groups were the groups that gained the least weight over the 4-week period (Fig. 2 D) .
Therefore, the combination of ethanol and sunflower seeds (EtH) reduced the liquid and solid consumption and reduced the body weight gain, but it increased the caloric intake.
Figure 2 -Consumption of the liquids (A) and food (B) by rats fed with chow and/or sunflower seeds combined with water or 10% ethanol for 4 weeks. The gross energy (kcal kg -1 of food) derived from the consumption of the solid diet (C) and the body weight gain in rats (D) are also shown. Values are expressed as mean ± standard error of the mean (n=10), and they were analyzed by one-way analysis of variance (ANOVA) followed by the Tukey test as a post-hoc analysis for gross energy and two-way ANOVA for liquid consumption, food consumption, and body weight gain. Symbols: *, p < 0.05; **, p < 0.01; ***, p<0.001 compared to other groups (C) at the same week (A,B,D). Groups: WC (water -chow diet), WCH (water -chow diet and high-fat diet with sunflower seed), WH (water -high-fat diet with sunflower seed), EtC (10% ethanol -chow diet), EtCH (10% ethanol -chow diet and high-fat diet with sunflower seed) and EtH (10% etanol -high-fat diet with sunflower seed).
The diet combination of ethanol and sunflower seeds induced severe hepatic steatosis At macroscopic observation, the liver of the rats that were fed an HFD and ethanol (EtH and EtCH) was pale and fatty (data not shown). To confirm the lipid accumulation, histopathological analysis of the livers was performed by staining with hematoxylin-eosin. The lesions were classified according to the Rappaport score (1958) . Livers of animals from the WH, EtCH, and EtH groups displayed predominantly microvesicular steatosis and less macrovesicular steatosis. However, no steatosis was observed in livers of animals from the EtC group after 4 weeks of the diet, and only a low degree of microsteatosis was found in the livers of animals from the WCH group. Indeed, the histology of the livers from the EtC group was similar to that of the livers from the control group (WC) (Fig. 3) . Other lesions, such as lymphocytes infiltration, were also observed and quantified as shown in Table 2 . The visualization of lipid droplets using Sudan Black (Fig. 3 H) staining confirmed the considerable accumulation of lipids. The hepatic lipid accumulation was detected using the gravimetric method (Fig. 4) . The animals in the EtH and EtCH groups had increased intracellular lipids after 4 weeks of the diet, while the WH group presented a moderate increase that was not statistically significant. The EtC group presented the same level of intrahepatic lipid as the control group (WC), which indicates that the ethanol alone did not cause the accumulation of lipids in the liver. These results are consistent with the histological observations (Fig. 3) . 
The diets influenced the plasmatic levels of ALT and cholesterol and the liver weight
The highest ALT and AST activity were observed in the groups that were fed an HFD, independent of the liquid that was consumed (water or ethanol), clearly showing the influence of the solid diet. However, the association of 10% ethanol with an HFD increased the severity of liver damage, as illustrated by the high ALT level in the EtH group and high AST level in the WH and EtH group but not in the EtC group (Table 3) . Similar results were observed for the CHO levels in the plasma: rats receiving the sunflower seed diet had increased CHO levels with water or ethanol.
However, balanced diets with or without 10% ethanol influenced the triglyceride levels in rats. The relative liver weight also decreased in the animals that received only HFD or chow plus HFD (Table 3) . , p < 0.001 compared to EtC. Groups: WC (water-chow diet), WCH (water-chow diet plus high-fat diet with sunflower seeds), WH (water-high-fat diet with sunflower seeds), EtC (ethanol 10%-chow diet), EtCH (ethanol 10%-chow diet plus highfat diet with sunflower seeds) and EtH (ethanol 10%-high-fat diet with sunflower seeds).
Figure 4 -Intrahepatic lipids represented by triglycerides
(µg mg -1 liver) in rats receiving different diets. Values are expressed as mean ± standard error of the mean (n=10) and were analyzed by oneway ANOVA followed by the Tukey test as a post-hoc analysis. Symbols: *, p < 0.05; **, p < 0.01. Groups: WC (water -chow diet), WCH (water -chow diet and high-fat diet with sunflower seed), WH (water -high-fat diet with sunflower seed), EtC (10% ethanol -chow diet), EtCH (10% ethanol -chow diet and high-fat diet with sunflower seed) and EtH (10% etanol -high-fat diet with sunflower seed).
Diet of ethanol and sunflower seeds induced hepatic oxidative stress
The SOD activity in the EtCH and EtH groups was significantly higher (50%) than that in the control group (WC). However, GST activity (-33%) and GSH level (-29%) were lower in the EtH group than in the WC group (Fig. 5 A-C) . Moreover, the LPO level was higher in the WH, EtCH, and EtH groups, reaching about 62%, 112%, and 137%, respectively, than the level in the WC group (Fig.  5 D) . These data indicate that the ethanol and HFD reduce hepatic GSH levels and GST activity and increase the SOD activity. Furthermore, LPO, despite occurring only in the presence of ethanol, was aggravated by HFD. No differences were observed in the hepatic Cat activity (data not shown).
Both ethanol and diet impaired mitochondrial enzymatic activities
The complete oxidation of NADH (Fig. 6 A) and succinate (Fig. 6 D) in the respiratory chain was inhibited by about 25% and 22%, respectively, in the WH, EtC, and EtH groups compared to the control group (WH). We analyzed other enzymatic segments with the aim of identifying the site in the respiratory chain where the inhibition takes place. The activity of NADH dehydrogenase (complex I) was inhibited by about 13%, 22%, and 21% in the WH, EtC, and EtH groups, respectively, relative to the control group (WC) (Fig. 6 B) . The electron transport in the segment containing NADH cytochrome c reductase was reduced by about 14%, 19%, and 16% in the WH, EtC, and EtH groups, respectively (Fig. 6 C) . The activity of succinate dehydrogenase (complex II) was also inhibited about 23%, 12%, and 29% in the WH, EtC, and EtH groups (Fig. 6 E) , respectively. This inhibition was also observed in the segment containing succinate cytochrome c reductase (Fig. 6 F) . No effect on cytochrome c oxidase (complex IV) was observed (data not shown). Taken together, these results show that the ethanol and/or HFD inhibited electron transport in the respiratory chain, mainly affecting complex I and II. Values represent mean ± standard error of the mean (n=10), and were analyzed by one-way ANOVA followed by the Tukey test as a post-hoc analysis. Symbols: *, p < 0.05; **, p < 0.01; ***, p < 0.001. Groups: WC (water -chow diet), WCH (waterchow diet and high-fat diet with sunflower seed), WH (water -high-fat diet with sunflower seed), EtC (10% ethanolchow diet), EtCH (10% ethanol -chow diet and high-fat diet with sunflower seed) and EtH (10% etanol -high-fat diet with sunflower seed). 
DISCUSSION
Hepatic steatosis is a primary response to the chronic consumption of ethanol in over 90% of individuals (Gao and Bataller 2011) . In accordance with this, our data showed lipid accumulation in hepatocytes of the animals that developed AHS by consuming an HFD with 10% ethanol (Fig. 3-4) . The HFD, which was represented by sunflower seeds, was selected because of the palatable taste of these seeds for rodents (Abbas and Yagoub 2008; Jabbar et al. 2008; Abdal-Gawad and Taha 2011) , and because its protein amount is similar to that of the regular chow (Table 1) , allowing a comparison between both diets. Another aspect that should be considered for the establishment of this model is the low cost of this diet (only 5%) compared with the cost of a low-protein diet, which is also used in combination with ethanol in a steatosis model (Lívero 2012) . The accumulation of hepatic triglycerides is closely related to the development of liver injury. Both morphological and gravimetric methods confirmed the accumulation of intrahepatic lipids, which were mainly triglycerides (Figs. 3-4) . We observed discrete microsteatosis when HFD and water were fed. However, the severity of microsteatosis was intensified when the HFD was combined with ethanol, which demonstrates the involvement of ethanol in the development of steatosis (Dey and Cederbaum 2006; Ronis et al. 2010; Bharrhan et al. 2011) . In contrast, the macrosteatosis seems to be associated with HFDs, but it does not appear to be associated with ethanol (Table 2) . Hepatic steatosis was present in at least 5% of histological sections, which already characterizes the liver injury . The characterization of the steatosis model investigated in this work can also be seen in the gross energy present in the food consumed by the animals over 4 weeks of receiving the diet. The rats that had a higher gross energy intake also tended to have an increased prevalence of AHS, which was confirmed in the histopathological observations (Fig. 3) . It is clear that the combination of 10% ethanol and an HFD, which accelerated microsteatosis, macrosteatosis, and hepatocyte tumefaction, caused the worsening of steatosis and the deployment of the liver disease. It is important to emphasize that steatosis or other liver injuries were not induced with 10% ethanol with regular chow (EtC). The plasma levels of ALT and AST, which is an important indicator of cellular hepatic lesions (Sathaye et al. 2011; Chacko et al. 2011) , were increased in the WH and EtH groups, but it was not in EtC group (Table 3) . ALT is very active in the liver; thus, it can be easily detected in small quantities in the plasma after liver injuries. Enzyme release can be caused by hepatocyte lysis and by increases in plasma membrane permeability (Babcock et al. 1981; De Oliveira Christoff et al. 2008) . Our data, which suggest that the plasma ALT is more influenced by the HFD than by the ethanol, corroborate those of Demori et al. (2006) . Hochgraf et al. (Hochgraf et al. 1997) demonstrated that oxidized linoleic acid, which is present in sunflower seeds, promotes a significant increase in the plasma cholesterol levels in rats. In contrast, some other studies reported reduced levels of plasma cholesterol and triglycerides in rats and pigs in response to the consumption of oxidized dietary oil (Eder and Kirchgessner 1999; Eder 1999; Eder and Stangl 2000; Eder et al. 2003; Acikgoz et al. 2011) . In this context, our results demonstrated increased cholesterol levels with HFD, which agrees with the proposed of Hochgraf et al. (Hochgraf et al. 1997 ). This increase was not associated or intensified by the presence of ethanol in the diet (Table 3 ). The higher plasma cholesterol levels might be related to impaired liver uptake of cholesterol (Hochgraf et al. 1997) . Considering the liver injuries observed, we measured biomarkers of hepatic oxidative stress, because increases of oxidative stress are an essential factor in the development of secondary lesions of chronic alcoholism (Henzel et al. 2004) . Chronic ethanol consumption diminishes the level of cellular antioxidants such as reduced glutathione and renders hepatocytes more susceptible to free radical-induced injury by means of unimpeded lipid peroxidation. Our results corroborate this idea because the hepatic GSH level was reduced in the EtH, EtC, and EtCH groups (Fig. 5 C) . According to these findings, the activity of GST, which is involved in the metabolism of xenobiotics and also has an important antioxidant function, was decreased in the EtH and EtCH groups (Fig. 5 B) , showing a partial reduction in the detoxification capacity of those livers (Lu and Cederbaum 2008; Tiwari and Chopra 2012) . Also, the enzymatic activity of SOD increased in the presence of ethanol and the HFD (Fig. 5 A) . SOD is highly efficient in the catalytic removal of O 2  -through its dismutation to H 2 O 2 (Tiwari and Chopra 2012) . Increased SOD activity can lead to the production of toxic levels of H 2 O 2 because it is generated from  OH, which is more reactive than O 2  -. The increased  OH levels could be prevented by Cat, which reduces H 2 O 2 to water. Thus, simultaneous to SOD role, a rise in Cat activity is essential for an overall beneficial effect and an increased SOD activity (Sathaye et al. 2011 ). In our study, the higher SOD activity was not accompanied by changes in Cat activity, which could promote the accumulation of H 2 O 2 and, consequently, an increase in the generation of  OH. This radical can attack hepatocyte membranes, resulting in a significant lipoperoxidation. The increased level of LPO that we observed in the livers from both the EtH and EtCH groups confirmed this hypothesis (Fig. 5 D) . A larger attack on free fatty acids in the membrane of hepatocytes reduces mitochondrial activity (Yang et al. 2000) , as observed in our study. Fat accumulation in hepatocytes is the result of imbalanced fat metabolism, such as decreased mitochondrial lipid oxidation and enhanced synthesis of triglycerides. Therefore, the development of hepatic steatosis is associated with increased values of oxidative stress and structural defects in mitochondria (Sanyal et al. 2001; Carabelli et al. 2011) , and it impacts mitochondrial respiration (Carabelli et al. 2011) . In this work, the activity of segments of the mitochondrial respiratory chain was analyzed in isolated hepatic mitochondria, thus accessing the sites in the respiratory chain on which inhibitions in response to diet occur. Our results show that the oxidation of NADH and succinate was partially inhibited in the WH, EtCH, and EtH groups. Since no difference among the groups was observed, we suggest that the presence of ethanol in the diet was the main determinant of the inhibition. This result is consistent with that of Chacko et al. (Chacko et al. 2011) . Also, the combination of dietary ethanol and HFD seems to increase this inhibition. In fact, the activities of complexes I and II were impaired, and complex I was the most affected. These results suggest that the combination of ethanol and sunflower seeds in the diet impairs the mitochondria in AHS, contributing to decreased functioning of the oxidative phosphorylation system and depressed rates of ATP synthesis. Despite of the forced ethanol consumption in drinking water of the rats, what can be pointed as a limitation of the proposal method (BrandonWarner et al. 2012) , this model was efficient for investigating the pathological aspects of AHS.
Liver steatosis was successfully induced in rats after 4 weeks of receiving a diet with 10% ethanol and HFD. The liver function was modified and the alterations were identified by morphological analysis, oxidative stress biomarkers, plasmatic parameters, and mitochondrial activity. Thus, the combination of ethanol and sunflower seeds produced an interesting and inexpensive model to study ALD that can be used as a pathological or pharmacological tool in this field of investigation.
